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1

SWIR - MWIR Electron Fluorescence Measurements
in N2/02 and Air

I. INTRODU CFION

One of the main topics of’ discussion at the recent High Altitude Effects Simula-
tion (HAES) Infrared Data Review meeting 1 was the origin of , and data base for ,
2. 7 j i m band radiation occurring in the quiescent and aurorall y disturbed upper
atmosphere. The short wave infrared data taken on several recent rocket flights
were discussed and some comparisons with theoretical estimates were provided.
These predictions were developed under the assumption that the dominant atmos-
pheric radiation source in the 2. 7 JIm region is the NO first overtone vibration/
rotation band . Although this thesis is generally accepted as valid , it has not yet
been verified experimentally inasmuch as to date upper atmospheric fluorescence
measurements have been performed utilizing radiometers which allow little spectral
resolution.

It was pointed out during the meeting 2 that there are severa l sets of measure-
ments of 2. 7 j im radiation which are not consistent with an NO source. Specifically,
in some instances measurements  of the total columnar 2 . 7 j im radiation as a
funct ion of a l t i tude exhibit a behaviour typical of an opticall y thick source , whereas

(Received for publication 3 April 1978)

1. Proceedings of the IIAES Infrared Data Review, 13- 15 June 1977 , Falmouth, MA ,
AFGL Report OP-TM-05 .

2 . Proceedings of the IIAES infrared l)ata Review, 13-15 June  1977 , AFGL Re-
port OP-TM-05 , pp 327-34 1. presented by H. Mitchell .
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. i t t I I i I s p lI( ’r ic N I )  is op t i c a l l y thi n. l u r thermore it was pointed out that the ratio (if
2. 1 pm to 5. 3 pm band r ad i a t i on  observed in recent project E X C E l ) l ~ I I I ( ’ I S U I I

m( nts was m u c h  too large  to he exp la ined in t e rms  of the rat io of the N o f i r s t  ove r—
toni ’ to f u n dam e n t a l  band rad ia t io n . I astl y. some laboratory measurements of

electron i r r a d iat e d  i i r 4 were  shown to exhib i t  spec t r a l  features due to a spI ( ’iI S S
o ther than  NO.

)f course  it can hi’ a r g I I I - ’ i  tha t  t h e  i f 1 ,  ri ment ioned  i lat a  were  I i t h l r anomalous
or af fec ted  b y con taminan t s .  Indeed the laboratory spectra of Reference 4 was late r
found to be i I lnta  Inillati d by I l l ’  t h a t  was formed in some complex m a n n e r  from
t I flon spacers positioned ins ide  the test chamber .  In a n y  ev en t  t h i i ’  final I f S  olution

I t  t h i s  c o n f l i ct mus t  ; w a i t  s p e c t r a l l y  resolved m e a s u r e m e n t s  of the atmospheric
t a l i a t i o n . Noneth eless it can he of some in teres t  to de f ine  a l t e r nat e  a tmospher ic
sources  of 2. 7 jim radiation that  would be consis tent  wi th  t h e  I I t ~! k s!- .

Such an anal ysis has recently been p erformel l 2 and it w ; i s  concluded tha t  I t f l h l , 5

ph on e ( 0 )
2 is the most l ikel y add i t i ona l  source  of 2 . 7 jim r~~~lI;it ioII. It is well

known that  r ad iat ion  from the CO 2 comhi~ ation bands ( 10 1  ~ 000) and (02 1  ~ 000) wi l l
f a l l  in the 2. 7 pm region. ‘ Ih I se t r a r I s i t l I ) f l s  ar e  t y p i c z i l l y~ t aken  to hI 1/ 2 5 th  ~s
weak is the  corresponding f u n d a m e n t a l  band t r ans i t i ons  ( 10 1 , 021 ~ 100 , 020) .  It
was pointed out however  that  if these transitions were only o n e fourth aS weak as

the fundamental transition they could prove to he a sign i f i can t  sou l- I; I of 2 . 7 jim
r a d i :I t i on  and ind eed could provide radiation signatures s imi l a r  to the anomalous
observations discussed above.

The purpose of the present stud y was to examine , under  laboratory conditions,
the spectrally resolved f luorescence  in the 2 . 7 pm reg ion occu r r ing  irs e lectron
i r rad ia ted  a i r , and to ident i f y the molecular  sources of this radiat ion.  This  was
done utilizing the AFGL/Opt ical  Physics  L A H C E I ) E  f a c i l i t y  which  r equ i re s  total oper-
ating p ressu res  grea ter  than  I Torr.  It must  be emp hasized that  th i s  device does
not s imula te  upper atmospheric condit ions.  Spec i f i ca l l y a high degree of col l is ional
quench ing  will  occur in the test chamber and this  quench ing  can obscure rad iat ive
phenomena that  mig ht be dominant  at the lower  p ressures  of the  upper  a tmosphere .

A description of the test facility and the techniques  used in taking the fluores-
cl t l ( (  ilata is pr (-sente (J in Section 2. The data ifl~I 1y5 iS  j u l i n t e r p r e t a t i o n  may he
found in Section 3 and s u m m a r y  and conclusions are provided in Section 4.

3. ()‘Neil . H. ft. unpublished results.

4. ~J I J r p J s y ,  H. E., unpublish ed results.
5. McClatc hey. H. A. • Benedict. W. 5. , d ough, S. A. • Burchs . I). E. • Calfee, H. 1’ .

Fox , K . ,  H o thman , L.S. , and Garj ng ,  J. W. (1973) Atmospheric Absorption
Line P a r a m e t e r s  Compilat ion,  A 1’ C RJ . — T H — 7 3 - 0 0 9 6 .
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2. EXPERIMENTAL

The LABCEDE facility is a controlled laboratory apparatus designed to stud y
the fluorescence of electron beam irradiated gas mixtures. Irs this device a con-
stant pressure, continuously flowing gas is i rradiated by a collimated , mono-ener-
getic electron beam. The inf rared  f luorescence from the irradiated gas target is
monitored in a plane perpendicular  to the excitation beam. This f luorescence  may
be both spectrally and temporally resolved through the use of a computer interfaced
Michelson interferometer. Because of signal-to-noise limitations, the device
cannot be operated at gas pressures below approximately 1 Tor r and thus  cannot be
used to provide an exact simu lation of processes occu rring in the upper atmosphere ,
fo r example, H ~ 80 km. In the present studies the observation region flow and

pressure  conditions, as well as be am current and voltage, were chosen to maxim ize
the f luorescence intensity in the short wavelength infrared (S\~’IH) near 2. 7 pm.

The LABCEDE apparatus has been described in detail elsewhere, 6-9 and only

an overview of the facil i ty will be presented here. The electron beam is operated

in a pu lsed mode and in the present study was characterized by a square-wave pulse
of 2.5 msec duration and 25 msec period (10% duty cycle). The electrons are

accelerated through an adjustable 32 - 36-kV potential drop, focussed , and sequen-

t i a l ly  passed through three p inhole nozzles that form a different ia l  pumping network.
‘F he differential pumping permits observation chamber operation at pressures of up

to 150 Tor r while ma int aining pressures below IO~~ Torr in the electron gun. The

electron beam current reaching the observation chamber is largely determined by
the amount of beam spreading prior to the last pinhole nozzle. The flow and pres-

sure  in the observation region directly affect the nozzle chamber pressure due to
pump loading, and thus  can affect  the amount  of beam scattering loss for a given
nun. Typical electron beam currents were 1 - 2 mA for 32 - 36-ky operation. The
beam is maintained t approximatel y constant operating conditions dur ing  the course
of a run; short term stability fluctuations and long term drift were both less than

~~ of t h l -  t ( I t a  1 current level.

lh e  gas ’s are  j o t  l od u c e d  into the chamber above and to the side of the beaxi~
eat rand - . M ixing of the test gases occurs jus t  outs ide  of the observation chamber.

6. Murphy. H. E. • Cook . I’ . II. , (aledonia , G. E., and Green , B. D. (1977) Infra-
red I luorescence of Electron I r r ad i a t e d  CO2 in the Presence of N 2, Ar  and
1T~~ A F ( L - TH - 7 7 - 0 20 5 .  — —

7 . Cook , F .  I I .  , and M u rphy, H. E. ( 1 9 7 6 )  A Synchronous Signal Processing Tech-
n ique  for Repe t it i ve  A rb i t ra ry  Wavefo rms,  AF C R L - TR - 7 6 - 0 03 5 .

H . \ l l s r p h y. H. E. , t ook , 1- . I i . ,  and Sakai , H. (19 15)  Time resolved Four ier
sp e l t r I ) sc o p v . J. Opt. Soc. Amer .  ~~~:600.

1 , O N e i l , H . ,  I n !  l)avi lson. G. (1968) The Fluorescence of Air and Nitrogen
l - , x c s t e !  hv E n ’ r g  t ic  t l I ct rons, Amer ican  Science and Engineering,  Inc.
I- I p c l r t  \ s h  — ~ O2 I \ l  ( ‘ I I I  — ( 1 7 — 0 2 7 7 ) .
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l ist ’ g i  s f low I t !  is m e a s u r e S w i th  a c a l i b ra t e S f l o w r r i e t , r l Ol l  acc u r a t e ly con t ro l le d

h kni Se — ed ge ra edle  v a l v e s . The chambe r - pressure is r r , o n i t o r er t  b Y MKS I Ia r - ; ,t ron
I l p i d I t i f i c e  n i an o n i e t i - r  wi th  an a t r r I I , s p h i l - r i c  p 1 1 5 5 ( 1  rI he ad , I I I  de r i d e d  to t hc

e l e c t r o n  gun p ressure .
T b -  f l u o r e s c e n c e  is mon i to red  b Y a l e : i c l— si I t l i - t i  V et o !  mounter] at the exit p lu m -

of the  scanning .i. I i  chelson i n t i -  r f e r I J r r r t t e r .  Ih e  rn ov i  ri g int l r f e  r a m  t i c  m i r r o r ,
control led b y a vol tage r oll) , is con t inuous l y s e a n I l I -  I . l( d a t ive  mi ( ‘n or- r r l I v I r I I i : r i t

is r I l o n i t i l l ! by ti ll  I n t I x t I r I n d l  f r i ng e s  r e s u l t i n g  f rom a h e l i u m — n - i n  l ;~~ i - x -  I , I - a r r i

po sct i , r i I ! p a ra l l e l  to the f lu c , r I - s e e r i t  s igna l .  I o n s t r u i t i v i  i n t e r f e r en c e  fn - ing e s
o c c ur -  I - v e r y  t ir r i i -  t i l l  m i r ro r ’  ch a n g e s  pos i t ion  Ii y  0. 3 1 Ii m i c ron s .  ‘ l ’ I i i -  m i r r o r
scanning r ate  is chosen so tha t  on the  a v e r a g e  40 tu :i rn  pulses occur  h I t w e e n  l a ser

f r i n ge s . l ’h t I ’ t I dt O r s i g l i l l  is band pass amp li f i  i t  ( I A  UC Mo tel 113) , in te r face !
w i th a I )i g i t ; 1 I ’ l ) P — 15 computer  using an A / I )  Conver ter , processe S , r i !  s tored on
m ag l i i t i  c t ape .

I ) l ,se rvat ion  of t h e  t r ap o r a l  t epend -r i ce  of t h e  f lu o re scence  spec t rum is made
possihie  by a sample  and hold n e t w o r k  r e f e r e n c e S  to t h e  e l ec t ron  h i - a m  pulse onset.

I S o  ne twork  o u t p u t  is I h i x I c t l y input  int o t h e ’ A / I )  c o n v e r t e r, it s am p led intervals

less than  the de tec t ion  sys tem r e sp r i n s l -  t i n o - . The A / I )  conver te r  t i m e  r i - so lu t ion
l i m i t a t i o n  is ar’ound 40 j i scc , and for  t h u - s e  I X p e r i r r l e r it s . the resolut ion li m it is
ri I t  V r ’ rr i in e i l  by t i l l -  d - - t  ‘ ‘t i  I and a mp l i f ica t ion  n e t w o r k .  Because of t h e  detector
l ij i tu t ions it was  not poss i h l i  to me ’ su r e  tir e c-mission of t h e  NO f u n d a m e n t a l  and
Ii  r st  over tone  v ib r at i on /  rota t ion hands  s i m u l tan e ou s l y. A PbSe d e t e ct o r , cooler]
to 77 °K , was used to ri or it o r  f luorescence  in the  m i d — w a v e l e n g t h  i n f r a r e d  region

M \\ I R )  r o a r  5 pm. ‘I’his Iletecto r 11( 1 1 a 15 /18cc r I s p l i r i s e  t ime  which  was  de g r a d e d

to 200 psec h , 1’ t he b anr i pass a m p l i f i e r  in o r d er  to d e c r e a s e  t h e  noise level.  A
l S i ~~e detector  ( a t  195 °K)  was used for the St\ lii  mea a u  rements .  This d e t , i t o r

exhibits high -r r e spons ivi t v  but is limited to a 2 n isec  response t ime.
Averag ing  of the appropr ia te  detector  in tens i t ie s  between l a se r  fringes is

per fo rmed  to i n c r l - : , s e  s i g n a l — t o — n o i s e .  ‘ I S o - s e  ave  c-a ged signals a r e  then s tored
li i i  magnet ic  t ap e  is a s ingle po in t  in e a c h  of t h e  t ime  resolved i riterferograms.  l o r

I l l  t h e  expl r i r r ezit s  suf f ic ien t  data points (at  d i f f e ren t  mi r ro r  posit ions) were
g a t h e r S to p rov ide  for 10 cur  1 spectral resolut ion .  l) egn adat ion  r)f t h e  r e so l u t i o n

to i r t i f i c i a l l y dI cr I ~~ I 5 (  the apparent  noise level could then be pe r fo rmed  m a t h , —
m a t i c i l l y hy the compute r  it  a la ter  t ime  if r l e s ir ed .

The gases used in t h e se  e x per i m e n t s  were  ul t rahig h purity n i t rogen and oxygen ,
m u  rr ,om or .  When use was made of room a i r , i t  was in t roduced  into the  c h am l .)er

t h r o u g h  t i l l  f l o w m e - t - r  and nec i l l -  valve in order to match  the c,- l ioder gas flow
conditions as closely as 1i l i s s l h l ( - . The room a i r  could be f i ltered to remove (lust
and w a t e r  vapor by means  of a glass w o o l / s i l i c a  gel desiccant  t rap.  This trapping
syst m was found t r ,  be e f fec t ive  in removing water  v apo r  f rom the l abora to ry  a i r .

10
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i ii , -  i n f f - ;  r e - S fl uor  I S ,  r i c e  i n t e n s i t y  was  founr i  to be op t i m iz e S i t  r i l a t i v i - l y

5111w cond itu i r I s , 2 . 5 st a n l l a r ’ i S  l i t e r s  p .r  r a i n  t o ta l  f l o w , w i t h  p u m p i n g  o f t i~ t ’ .st

chu i i i l i l r i i c c i r l l i r l g  i l l l l \  th i r ’oug h the i I i i t r o n  beam r l i f f e r - en t i ; l pump ing s ys t I n .

‘l’he op t i m i z e ! ch i ; r n l o - r  op e r a t i n g  pr e ss u r - was  100 Tr ir’r  ann  t h u  rI si S I n i e  I I I !  of

t he  te st gas w a s  30 s l i nk .  L in l i e r  tt a , se  flow conditions h I-a I r  c r ea t e - i S  sp - i ’ i -s i t r l

l i k , - l v  t r )  b l l i l l l  up in t i n  u l i s l I V ; t i i , r l  u- i g l o o .  Sp e c i f i c a l l y  nitrogen i l l ! oxygen t o r n . —;

I I  pr o t u l e’S in t t ’ e  t - ’ — d  g a s  e i t her  by di r ect . , - h i - c t r o r n  i m p a c t  d i sso c i a t i o n s  or l iv

s u b seq u i n t  h i r t r l i r i / i o n / n i i l t  r a l  r e a c t i o n s .  ‘l ’hies . - tu r n s  can then  p r o S u i l  o ther

c h i e m i c i  1 species such  is  NO , 0
3. 

N( > 2~ N 2
( ). TSr,- pr’esent experiments a n - t i ’ —

sign r - t to s t i r i l y N I )  f l u o r l s l e n l i e r- i - su l t i ng  f rom the  n i - ; i I ’ t u i n i s

N ( 4 S) 4 0
2 N~~( v ) +  ~ ( 1 )

N ( 2 D )  + 

~~ 
‘ 4 0 , ( 2 )

If t u e  gas resl t i n i c i  t i m e  is long comparel .S to the beam pu l s ing  t i m e t he  a m o u n t  r i f

NI  I ; I I l h o t t l l - r  he m rn i ’r e ; t , - t  species wi l l  i n i c r e se p u l s i -  by p i l l a r -  u n t i l  r e a r - S u ng a

~t ; I ‘4, t i ’  l e v e l .  Tb, ( let ;i i l S  of tb,  ri l, v ar i t  c b i i - m n n i c ; i l  k i f l et i c s  for  N ) / (  I
, m i x t u c  I

ma\ ’  he -  found in R h i n n i l 6. It is not aflti  i p l i t e t that  th u  p r u s l r l e l -  at t i i i si Ss ; n u i

c r l - ; l t - t  s i l l - c b s v ill ; i f f r ’ t  t he  conc lus ions  of t h i s  s t u l y  h ovi i -v r - , t i l l  p r e sen c e

m ist  1,, cu ns id l r- I S  W h e n  i n t e rp r e t i n g  the  I X P I  r i m i n n t ;  1 o l r s i u v  II ions .

At t I nn i n t s  t I n  I I ’ c r ’e a s l -  the  gas u - e s idence  t r i l l  r i - s a l t  in a lr ss of f lu or e si . l n t

L r l t i - n l s i t \  . In i ’ r I - ; s i n l ~ the f low and p u m p i n g  r i te  i t  c o n s t a n t  c h an n i l i l - r  p r e s S ul - - l i - ; hs

t i  be ’;im ( U l _ l i , I I t  i l egr ; .I l h ; t i i l l r ; l c - s s n l r i  I- I ’ S u c t i On  it  i : r i n s t ; in i t  f low c au s e s a r i - h n i ’ t j o n

in the  tota l  ene rgy  deposi t ion of t i l l -  l ie ;  i i i  w i t h i n  t i l l -  f i e l d — i t  — v i e - v . A s a r e s u l t ,

u n I v  s l av ’  f low me- si r e r n i e n t s  w i - r i . n i a d l  lO t i l l ’  \‘I W I l l  reg ion.  On t h i  t.h -r h a n d ,

l i e - c a u s e  of t i n e  g r e a te r  s i - n ) s j t , j v j l ~ of t i r e  l’bS l e t i l t or , S W I R  f l l n l l r ’ l s I ’ i n l i l -  r n I ’a s u i - i - —

m n n t s  r ;on l t l i i ’  mad ,  t r u t h  i t  t i l l -  s low f l o w  condi t ions  and  ;d s m i  it f l o w  r a t s e,f 5

st ; i n S ; i r d  I i t , - r s  p i - r -  m i n i t I - . I - o r  t i r es ,  l ; t t i - r  f l ow  r ; tes , anr l  a c h a i r i l i i ’ r ’  n i - s a t i r e

of 12 ’I’ rj r c , t h l -  h e ; i r n  I ; l i r r l - n r t . l i g r ; i la t i i i n  may he kept  1 an  ; c r ’ i p t , hle l i - i - I , w h i l e

t i le  g ;i s  ch a m b e r  r , s i t e n ’ , -  t i me  is  h - e r  i s i s - I  to 2 5 1 C n ) r l l l s .  ( l i n r s e q n l n t l v . in tS r -s

r m n - ; i s u r e r n en t s  t i l l -  b u i l d —  up of Si ~~i I n n  c l l ’ ; i t i - t  species is g r e at  I v  r’educed . Experi—

mI n ts  p e r fo r - r n e d  in the l I st
1 v i t l i  i i i  i n t i - g r i t i n i g  sp h e r e in the l - i n ; n r i l i l - r  have r , , s u lt i I

in i n c r , - ; , s , - i S  signal l i - v -I i t  t he -  expe nse -  of t h e  r i - a b S e n c e  t im ’-  and  f i e l i l — o f — v i e w

d !  I n u t i l l n .  No I t i mpt  v.’as I I I ; i l e  tll im plement thi- i n l t i - g r i t i n l g  sp he re i n  t S r , . - p r - I - s r - nt

st l i i l V .

Expe r imen ta l  I n i l - ; i s i l l ’ l - n r i i - n l t s  WI n- - fi r s t  made  in the NIt’ III l e g i o n  in ord i r to

i i l s l - r v l -  t h i , -  t , r n l p l l I ; i l  t I e - S l n l v i o r  of t i l l  NO f u n da m l n i t ; ! band r a d i a t i o n  ~~v = 1) w i t h

( I . 2 n n l S I r I - s o l i l t i  I n .  A d r l i t i l i r l ’ ’ l l v , the  presenc - ; in , l  r e l a t ive  s t rengths  of r ; l S i ; l t i l l n r

f r om 5 

~~ 
LI

3
) l l f l e l  N 2~ ~ v 1

) t r a n s i t i o n s  i t  4. 3 jim a n t  4. 5 pm could he exa n l i l l i l S.

I I

- - . - -. -.~~~~~.
‘ - .- - . V



A a u - i - i c - a  of a l l i w  flow r u n s u s i  r i g  ii m- st , ii n l i i x t l i  i l  if 110% N 2 / 20% ( ~~~ , th a n  t r - ; i j , 1 i - l

( l i - i l - h )  c o l o n  a i r ’ , nI nIS  f i na l l y u n f i l t l - r - I - S  l n l i i i l l  a i r - , w I - r i -  r n mh -  k l i ~~o n i g  ct l a r n l h l - r -

pr ’e s s l n - i - . h l - ; l I r i  c u r ’ i ’ ’ - n n t . l i l t V l i S t . i J ~ I ( ; l l I i s t ; i n i t  i t  100 I o n - , 1 .6  rr iA , I n S  ;~ ; k V

n’ ’ ’- ; ç i ’ n ’ t l v l I v .  \ \ t o - n ,  u n t i h t e - r - e l i i i ’  w ; S  u s ! , no s i g n i f i l ; i n l t  ( l e - t i - I t o l ’  a l g a l 1-0111 1

h I -  S t ; l l i l i - l . It is l - x p l - c t i h  t ha t  t i n - I l - v e l  c i f  f l l .i o r l - : - i i - i - r l c , -  in  this  ( S iSe  15 t l r n l i I l l s t l I t

I I I - c ; i u s e - of t i l l  e f f i c u l - n t  r~ u e - I l e ; i l i n g  ol v i l n i . ’ t i i n n ; t h  I X C I t I d st ; i t i i l i v  w ; i t i - x -  v a p o r .

A s i n r i i l ; i r -  s e rie s  of mfle~a , s l l n l - n n i ( n i t s  w a s  mad - in t t i - S W I S h , NO i m v l - i - t t n i ’ , sp e - I ’ t r ; h

r e g i on w i t h  t h e  PbS t I t I ct or .  Fh ~ l - x l u - r i r l n - n l t ; i S  con t i t i o ri s  of the ,  N I t \  I I I  r n e ’ a S I l r e - —

flI n t S  w i - I l -  i l i f i l i c ; l t - l  ; ia m n h l l l l  ‘.15 j , i , a s i h l - . b li nm , : n r i i - n n t s ; i -  h o - l I d  ‘ I i  s l i g i n t l v
t i i t - r l I r t , 1. 2 n i A  — I .  I! mA , but i l l  ot b i i - r ’  p ; i r ; i i i i - i , i rs w i - i - i -  u n ct i ; i r l g l - t . I I e - I - ; l i l s l ,  of

t i l l -  in c r l ased se n s i t i v i t y  if  t h u s  d i - t I - i ’ t i i I , si g n i ; 1 was  I l l n s e i - v I - I  ‘V -r n  for- t i u ’  e - ; e S l -  IS

u r i f i l t - r , - n l  a u - , l ast f l o w  In ; I s n i r e m l - n n l . s W I - r e  mad ,-  w I t h  both cy l i m vl ’ r g a s l - s  n i l

h i l t e e i - i  r e i n n l i  I i  I I t  l ( i  k t ’ , S u i t  i t  ; r I - d u l l - I  t i l ; i r n I  c a r - I - I - n i t  of H . Ii — 1 .4  i r i A .  A l t b i n u g h
t t i ,  r i n a g l i i t u d i  of t h e  t i e ; i n r i  e a r n - n i t  w a s  I l l - I t ;  s - I  n i  t b n , - s ,  nuns, t i n  e n t ’ r , n i t  st h n l l t \
wa s r n i ; l i r l t ; i i f l e t it the  5° f l u c t u ; i t u m i r i  l e v e l . T i l l ,  l i i i f l o i , r - , - a c , - n n c  i n i t i - n n s i t v  for  tb -I ,

I ;i aes ,vas c l - S ne e r !  iS n i l I r e  t h l ; l n i  a 1 I ’ tu r  e l f  2 below t h a t  oh t h e  s low  flow c i i 5 l- s .

An ; l l i t i c , n n ; i I  s i t  i t  n m n e - ; i s n r i n i ; i n l t a ’ I r i - in  i - - I  o x y g e n  p a r t i a l  p r - e - s su  I s  was

m i nu t e  1 (11  in  t i n e  NI ’A’lR a n d  SWill  r e g i o n s .  At  t b , - s a l i n e ’  ( I l  p r e s s n l r a - , it w ; s  found

th at i n n x t n i r l a wi th  fr a e t i u n ; I oxyg i ri  ( ; m l r l l I - n l t r ; I t i o n s  I I I  1 — 3 / l0~~ of t ile n i t ro—

g I l l  I 55ur ’el  p r ’ ri v i dcd  t i n  n n i : .i x i n n i i l n n  N I )  f h i n o r - e - s e ; e - n r e : e ,  u n i t , - n n s n k .  h ’h  t o t a l  b I I n o r I - a —

i ’ i m l i ’ l  i l i l e i l si ty  I I I  t i l l a l  r u ns  was  a t ; i c t l i r  of 4 l a r g e r  t h a n  111 1,51 -  i t , s - r v e l In t i l l -  a im ’

i n n  i xt  i n ’ ’ , .

1 k -  f i na l  c o l i c - I - t i - I  n 5 ; i t ;  S , a a e -  i n c lun l , - ’ i  IS r ’~.i n r a  t ; i k l - n l  w i th  t u e  1 k-;,- i l e , t l - i ’ t i i r  an,]

15 r uns t aken  with  ( I i , -  h u b  l l - t I - l ’ t i i r .  In a , -v r ; i l  i n n s t a n i ; , - s  n n l l - ; i s u r l - n n n l n n t s  W e r -  cc—

11 It e d I  O V I l’ a per iod  of s I v I - r a l  w C l - k s  Ui n i r l l - I  to i - r n s n r l -  i l a t ; i  r e p r l i lu I . - i t i i l l t .y .

I l i i t l n e r n n i l , r l ,  I I -  t I - l ’ t lr  s h , e - r ; t i ; 1  r I - s p o n l a l -  I - ; i h i h r ; t io n s  w e r e  p e r f o r m e d  dail y using a

black t i l i S y r , i t i : l t i i I l  s o u r c e . ‘l i n e  c o l l e I - t I - l I - x h i l - i - i n l o - n l l . al da t ;  (s to r ed on i n l n l I l n n - t i l ’

h i  Wa S  I i r l ,c e s s i d t i y  f i r s t  s o r - t i n n g  t I n - l i st s  intni  t i r i l l - —  r- I - a l i l v , - I S  i r i te r f e r ogr ;i m s ,

I’ i i n n i e r  t r an s f o r m i n g  tb - i n s i n t o  -i b i i ct r a , t i l l - n I  : p p l y irig a c o r r e c t i o n  S i r  i I - t I , - t i l r

s1r , ct r ;i l  r I - s p l i c e - i l -  i n n ] f i e l l — l i l — v i e w . ‘I l u e -  f i na l  fo r - rn  ,f the r , - m l u c e d  da ta  is 1

i f  t i n n l l — I - I - s l i l v l - I . c a l i h r ; i t i l 5 p I , c t r ; i  f o r  c a c t i  r u n .  —; p i - i ’ t i - n l  r e s o l u t i o n, up to t t i l

m u x i r n u r n n  of 10 cm ’, ia le t i r m i n i i - d  by t h u  n i t n r n n b i e r  of i n t e  i - f ~ - r i g r a n n  p m l i r l t s  i n c S i n ~~ - l

in t h e -  t r nm n s f o r m i t i o r n . These spect r a  n -  t h i e - n n  u s - S  fo r  a p i - i - i l l s  i , l on t i f i c ;l t i o n  c i t

kine tic’ i lr c l l y s i s .

3 IS V I A  \~~ \ I Y S I S  \~~I) I~~IE I t I ’I tET A I I Oj \

h i -  s i g n : i l — t l i — n n I I l s I -  r a t i o  I f  h u e -  r t ; i t a  t a k e n  in t h i e -  M W I R  was s u f f i c i e n t l y  low

sc t h a t  t h l  I l i a c  rv e l  s p e l t  I i i  , - x i n i l , i t , - ’ t  1 spikey at  r l I I ’ t n n l , ‘l’Iie ; lp ~ r n I - I - c i t  no ise
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l e ve l  could be diminished by ar t i f ic ia l ly I S ( g r a d i n g  t i le s l i , ’ l n t r ;u l  resolution to 20 cm I ;
I u i l w e - v e ’ t - , this  had to be’ i l c r i rc wi th  c a r e  i n a s m u c h  as i- c a l  spec t ra l  f eat u r e s  can tie

ir ia dvcrt antl y washer] out by this  i ,7~~~i e - I S l l  r e - .

A typ ical N I ( ( I l l  spectra , taken  in a mixture i t  bI0 ~~, N
2 /2 0~ ~~~ 

n t  a total  p r e s —

51111 -  I I I ’ 100 l a m , is shown iii Figure  1. ‘Ihis e.la t n u was  t aken  with the l’bSe detector

i.in i d e r  slow flow conditions ; n u r l  cc i l ’r I Sp O i u i l a  to a t u n a , -  l u s t  p r i o r -  to S l e i i i l i  t e r  l u r u n u t i l I n ;

the ap i - c t  n - n i l  resolution of t h u . ’  Sat ;  h a s  been l e g  r i  I l - h  t i m  20 cm i  — 1 I wi, nlistinct

a p l - I t I a h  f e a t u r e s  I n ’ c -  apparent .  I h i e  f i rs t  of ( l i i ’s - , spanning t u e  a p l -c t r ; l r a n g e -  of

1760— 1925 cm l , is t b i ’ -  r e su lt  of NO funr]amncntal vihr’;etionul/ r - n ) t ; I t I I O I ; I J  b i ; i i i b flue,-
r e - s i - I - n i c e , a r i s ing  f r o m  N I )  m n n l i l e - c l i l e a  wi t h  up tI ,  6 quan ta  of v i b r - ; i t i o n n ; ~ I l - x r - u t ; n t i l I I u .

1(n i d in u t i o n  f r o m  t h e  N 2
( ) (U:1 ) bn er in l  is al s o  o b s e r v e - i t  i t  222: 1 c n u  1, N ot I .- t h u n i t  n u - i t h c r

i l f  t h ~~ se s p e c i e - a  is p m - I - s i - n i t  in t h e  o r ig ina l  t a t  gas ni n ci  t hus  both m u s t  he c ’  r - l - ; i t l - l

t i u r ’ o ughr  chemica l  rca ct ions such r  is ( I )  ana l  ( 2 ) .  1- r’or lu 1 k n o w l e d ge of t h u e . - r e l ev  n u t
- ‘ , . ,  5 . 1 0 ,  , -5 - i n i s t i - i n i  c u , - l i i , - u i . ,n ta . it c ;i ni l i e  h I - t & - r m n l n u e , i I  th r a t  t h u  popu lat ions  of t h i -  v i b r ’a —

t i i n ; i l ly  exci tenl  N I )  and  N
2

( )  i- e sp l l n s i t i l e ’  fo r -  t i r e  f l i n l , n e ’ s c e I m c e l  n i n e  ifl ( l i t . r ; i t i r ,  l I f

7 t I l  1. No o t he r - a i g n n i f i c a n t  sp ’ r - t r n i l  n ; . I r t i ; i t l i n - a  a r e  I Ih s e r v l - d  in the  t I i I I i I h i i I s s  (if t h u s

h - t I - I - t i c . (The l e ; i t u r , ,  at 1630 cm 
1 is ui  a r t i f a c t  of t i r e  spectral c a l i b r a t i o n .

~?6oo ieoo 2000 2200 2400
wAvnruuMBr R ~ n 0i

i g n i m e -  I .  , \ I V v I U  I I i i m l r e a c , - n i c l -  I t  l i l - ; l I n i  I c r n n n n u ; i t i e j n
1 1 1 1 1 0  bbo -~; N 2 / 2 o -~; 

~~2 \ h i x t u r e - s  it 100 l i l n - r -  l i - - s - u n- i - ,
f o r  Slow— I- low ( o r u t i t i o n i s .  h b - s i I I n t I  m l  us 20 c u r
1.-iectron beam current w a s  1. 1 m l  i , i l i , i I l i w a s  ;h i  k \
NO Ir r I N 20( ni 3 ) r ;i t i n l t i o n  n i n e -  i - S i l l - n i t

i S ie  s a m e -  spectrum is shown inn I - i g i n r - I -  2 i t  10 c n n l  l I s i  S l i t i n i .  ‘h h i e  l a i g e -

n n , i s l -  le ve l i s dine ,  to t i n ’  , ‘ o i m i h i l l l a t i i l n i  of 1 111111  I l - P - I t o  m - - sp i i u a , ’  n u t  low f l u o re s c i - n i c i -

level s. It c - a n  t i e -  se m i , t I l , w e - v e - r , t h l ; i t  t h u  S I s a l , -  S u e - c t  c a l  h i  t i n , s  l e f  F i g u r e - s  1 l I l t 2

10. Hj l l i n i g ’ -nl - v , II , I - . 1’ . ( 1 9 ( 6 )  ( ; l c u l a t e - h ( i S i I ’ , i t l i l n l  I - e l t ; i t m c l n n  In t (’ n .O h I l - s  f o r
Ni  ) i > 2 h 1  I . .J .  M o l l - d I .__Sp ec ti-osc .  61 :53 .
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are the same. The spectrum of Figure 3 corresponds to the same case at a time

of 0. 2 msec after beam termination . The time difference between l”igures 2 and 3

is equal to the response time of the detection network. The intensity scale is the
same for both figures and it can be seen that with increased time the fluorescence

due to NO is greatly diminished, while the N20 signal is essentially unchanged. The
rate constants for vibrational quenching of NO (v=1) by N 2 and 0 have been mea-

11 -16 3 -14 3 2 
-sured as 1 . 7 >< 10 cm /5cc and 2.4  X 10 cm /5cc respectively leadi.~g to

a predicted NO fluorescence decay time of 0. 07 msec for the present case. The
observed NO decay is limited by the time resolution of the experiment. N

20(v3
)

q uench ing by N
2 has been measured 12 

to have a rate constant of 4 x IO~~~ cm 3 / sec,
and thus the N 20(U3

) fluorescence would be expected to decay on the same t ime scale ,
as  N f l , l0~~ seconds. The N 2O fluorescence in this experiment is observed to
‘I e c ; iv  w i th  a t ime constant of 20 msec, th us implying the presence of a source of
N 2

() vibrat ional  excitation in the test gas after  beam terminat ion.  Vibrat ional ly
excited molecular nitrogen (that is, excited by beam eiect rons ) is a known ene rgy
reservoi r  under  these conditions 6 and near-resonance vibrational exchange between

and N 2 (v )  is postulated as an explanat ion for the observed slow \ 2O t € - c a v .

>- 1 ’ ~~, . L

4 ’
r

~~
i

.

i l l  . ,~~( !

~~ ~ I l l  I ’ t

I 
~~~~ 

~ 
‘

~l~

j ’7 17?, 1117? 900 I00 2 1 3 1210 7300 rOil

wA vnNuMBmR 1cm 1)

Figure  2. N I WI H Fluorescence of F igure  1 at
Beam iermination With 10 cm’

~ Resolution.
N ormal ized  to ‘max = 6 . 9  X l0~’9 W / c m 2-s t r-cm~~

11. Murp hy II. E .,  Lee , I - . T. P. ,  and hart , A. M. (1975) Quenching of vibration-
ally excited nitric oxide by molecular  oxygen and nitrogen, J. Chem. Phys.
63:2919,

12. V a r d l e y ,  J. T. ( 1968) V ibrat ion-to-vibrat ion energy transfer in gas mixtures
containing nitrous oxide . J. Cluem. Ph ys . ~~,,28l6 .
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I l l  / 111,1 I I?? I l l  2 ,  /7  22~j ‘ IllS 2400

WAVEMUMBER

F igu r e  3. M W l i t 1- lu o r e sc i ’ nce  0. 2 msec  Af te r
lIes m n  Termination for t ire Snume Run as 1- igure  2.
HI - so lu t i on  is 10 ~m

”1 . Maximum intensity is
6 . 9 X l0 9W/ c m  -st r -cm 1

Specifically, the vibrational exchange reaction

N 2
( v = l )  + N 2O - -  N 2O(~~3

)+ N 2 ; AE = 137 cni ’
~~ (3 )

is assumed to he in local steady state so that  to f i r s t  order

N 9 (v~~1) 
- 

N 2O ( v 3) -~~I- :/ k1’
N , N 2

0 ‘

an d t h u s , s ince  N 2
() is a t r a ce  species , the n i ecay of N 20(v 3) mirrors the decay of

v i h r a t i o n a l ly  exci ted N ,. The large energy defect between N 2 and NO, 484 cm~~~,
p re c ludes  a s i m i l a r  e f fec t  in  t he  c’ase of NO.

In i- ’igrnre 4 the spectrum of irradiated filtered room air under slow-flow

eon i i t h o m l s  is d isp layed at beam t e r m i n a t i o n . Both NO and N 2
O( ie

3
) fluorescence are

ob ser v e d  a long w h t h  r ad ia t ion  f rom C02
(v ,3 b at 2350 cm 1 (4 ,3  Izni ) as expecten ] .

The N 2O(v 3) fluorescence intensi tyis  inc-ceased by 20% over that  of the N 2 /02 runs
of i - i gu re s  2 and 3 , wh iLe the NO fluoresce-nec has decreased by a third. Carbon

diox ide  is the  d o m i n a n t  sp ect ra l  rad ia tor . From cons idera t ion  of the re la t ive
h n en n l s t r e ng t hs  of CO 2. N 2O, and NO . it may be estimated that the N 20(i13

) and NO(v)

c o n c e n t r a t i o n s  at beam t e r m i n a t i o n  r e l a t ive  to that  of CO2 (j ’3
) a re  1. 4 and 5. 6 to 1

r e spect ive ly .  A spectrum from the sam e  case corresponding  to the  f luorescence

0 . 2 m sr -e  a f t e r  beam t e rmina t i on  is shown in  F i g u r e  5. A gain the NO f luorescence
has m h h s a p p e a r e c l  w h i l e  both t h e  N 20 ann ]  CO 2 f l uo re scence  r e m a i n  unchanged .  The
f luorescence  detected 3. 4 msec af ter  beam t e r m i n a t i o n  is disp layed in  E”igure 6 .
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\ i b r a t ion a l ly  exci ted 
~~~~~ 

an d  ( 02 Ire  s t i l l  both present  in the  sarn e  re la t ive  con-
cent ra t ions . The measured  decay l i n m i e  of t h e i r  f l uo rescence  is approx ima te l y
14 mi l l i s econds . Like  N 2

0, (~O , e x h i b i t s  a rap id near  resonant  v ib ra t iona l  exchange
react ion w i t h  N~~, t h a t  is ,

1) + ( 0
2 C02 (a 3 ) + N 2

; ~ I- I t )  i- ni (5~

and thus  the  CO 2 fluo re sl -ence  w i l l  a lso m i r r o r  the decay of v ibra t i ona l l y r -x c i ten l  N 2 .

— —

i(00 /00 11100 900 ; oico 71011 22011 2300 ‘‘100

wAv n NuMBFR

l - i gu re  4 . MW IR Fluorescence at Beam Termina t ion
F rom Fil tered Room Ai r  at 100 Torr Pressure and
Slow-Flow Conditions . Reso lu t ion  is 10 cm ’1 ,

= 1 . 6 mA . Radiation f rom NO, N 20(p 3
) and CO2 (e.1)

r an  he observed. M a x i m u m  intensi ty is
1 . 1 / l0 8W/crn 2 _ st r _ cr n ~~

- 

!- _ _ _ _ _ _ _ _ _ _ _ _ _ _

1000 I /SO 1100 i900 2000 2i00 2200 2300 7100

WAVE NUMBER (cm ’1)

Figure  5. Fluorescence 0. 2 msec Af te r  Beam
Termina t ion  for Conditions of Fi gure 4 . MaxImum
i n t e n S i t y  is 1. 1 X 10 8W/ cm 2 -str-cm 1
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Figure 6. Fluorescence at 3. 4 msec Af t e r  Beam
Terminat ion for Run  of Fi gures 4 and 5. C02 (i ’3 )
and N 20(v 3) Radia t ion  are only sli ghtly d imin i shed
from beam terminat ion values . Maximuth intensity
is 9 . 1 X 10 9W /c m 2 _ st r_ cn -n -l 

-

A spectrum taken under s low-f low conditions in f i l tered room air using the PbS
detector is shown in Fi gure 7 . This spectrum , corresponding to the t im e of beam
terminat ion, has a resolution of 20 cm~~ and is uncorrected for t h e  spectral  re-
sponse of the  detector; the C02 (v 3

) radiation at 2350 rm~~ is by far  the  strongest
fea ture  observed al thoug h this  detector is relat ively insensi t ive to 4 . 3 am rad ia t ion .
N 20(v 3 ) f luorescence, not a p rominen t  fea ture  in the  spectrum shown , has also he-en
observed with the PbS detector . The cal ibrated in t ens i t y  of the C02

(p
3

) r ad ia t ion
shown in Figure 7 agrees to w i t h i n  20°’~ with  a value obtained using the PbSe detector
under s imi la r  exper imenta l  i-ondit ions . This excellent  agreenrent  ref lects  both t h e
accuracies of the -letector cal ibrat ions and the good run i -to-run reproducib i l i ty  if
the data base . The other spectral  features  evident in Figure 7 are the rad ia t ion
of interest  in the spectral range of 3500 - 3800 cm~~~ and the  sharp fea tures  around
5500 cm~~ ( 1 . 8  jim ) which  have been iden t i f ied  as atom ic oxygen and n i t rogen  Sines
in previous studies performed at the Ai r  Force Geophysics Laboratory. 13

Figure 8 displays a calibrated version of the spectrum of Figure 7 over the
spec t ra l  range of 3100 - 3800 ‘m~~~ (3 . 23 - 2 , 6 3  jim) . Also shown for compar i son
is a computer  generated NO f i rs t  overtone spect rum . The generated spectrum is
ca lcula ted  using the la tes t  spectroscopie constant s of NO and includes cont r ibu t ions
from both total angular  momentum states . The shapes of all v ib ra t iona l / ro t a t ion
t ransi t ions  in the synthet ic  spectrum are broadened by a s inc slit funct ion appro-
priate to the  i n t e r f e rome te r  used in the exper iments . The synthesized spectrum

13. Murp hy, H . F , .  Fairbarn , A. H . ,  Rogers , J. W .,  and h-fart , A. Itt . ( 1 9 7 5) Near
IR Nuclear  Spectra: In te rp re ta t ion  by Recent Labor atory Resu lts, pres’~~ Wd
at the Fourth Strategic Space Symposium , Monterey,  CA.
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was chosen to have a B o lt z n r a n n  v ib ra t iona l  distribution corresponding to a v ib ra -
t ional  t e m p e r a t u r e  of 5000~ K and a rotat ional  temperature of 300 ‘K; no a t tempt  has
been made to fit  the  two spectra.  It is seen that the s t ruc ture  of the e x p e r i m e n t a l

spectrum taken  in room ai r  l ines  up very well  wi th  the predicted NO spectrum , lead-
ing t o  the  - -onclusion that NO is the  dominant radiator  in the 2 . 6 - 3. 2 am region
under t h e s e  i - o n n i i t i n n s . A g a i n  f luorescence  arising from vib r ational e ’xi - i ted  NO up
to level v=6 is r ebserved.

~~~~~ 4 . O ~~ ) . O e ~I . 0  . . j . — --— . .
0.9 ~~~~~~~ I’~~~~ -~~

Iwo t~oo 3~OO 4 0 0  100
W AV tNIOOB( R 5~ fl ’1)

Figure  7 . Uncalibra ted  Fluorescence Observed
With  PbS Detector at Beam Termination From
Filtered Room Ai r  Under Standard Slow-Flow
Condi t ions . Resolut ion is 20 crn 1. Radiation
observed is from C0 2 (v3 ) at 4 . 3 urn , NO(i% v~ 2 )
at 2 . 7 urn and atomic 0 and N at 1.8 urn

i.

31~ 32~~ 335 34~ 3~5i 3~~ 31~~ 3~~
WAVE NUM BOR (cm 1)

F’igure 8. Comparison of SWIR Fluorescence with Synthetic Spectrum of NO
Lower trace: Expanslonof 3100 - 3800 ~~n ’ Regiop of Figure 7. Calibrated
maximum intensity Is 1.5 X I0~~~OW/ c rn~ _ st r_ c m _ i . Upper trace: Synthesized
spectrum of NO overtone radiation (see text for details)
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When the spectral resolution is increased to 10 cm~~ reproducible features
not attributable to NO appear , as is shown in Figure 9 . Although the noise level
of the 10 cm ’ calibrated spectrum is greater than the 20 cm 1 spectrum of Fig-
ure 8, the features indicated by arrows are reproducible both as a function of t i m e
and from run to run . The expected spectral shapes of the N

2
O( 02 0 1~~ 0000) and

( 1 0 0 1  -. 00 0) combination bands as well as the C02 (02 °1~ 00°0) and ( 1 0 ° 1 - o O O ° 0 )
combination bands are also shown in Figure 9 . It is clear that CO2 radiation does
not occur in any significant amount in this spectral region. The N

20 combination
band at 3480 cm ’

~ does seem to match the f requency,  if not the shape , of some of
the unident i fied spectral features. (This band is predicted to be the strongest in
this spectral reg ion 5 for N20 in vibrational equilibrium at room temperature. )
Nonetheless , even if the 3480 cm 1 features are attributed o N 20, other strong
features remain unexp lained.

I I I I I I

N20 (IØ9( VEoD) A fi CO2 lIO°1—tX(°OI r
/ I02~1—00°0l /
/ í ’l / Figure 9. Spectrum of Filtered

~ / I I Room Air with Estimated CO2 andIi? 1—000I~~~~ / N 20 Bands Shown for Com parison.
I 

Lower trace: spectrum of filtered
I room air is as in Figures 6 and 7

- I at 10 cm 1 resolution. Maximum
calibrated intensity is 1.8 X 10 10
W/cr r 2-str -cm -l  Upper trace:
estimated N 20 and CO2 combination
band shapes and relative intensities.

~~~~~~ I 1  3L II I,’ 
0 tU Sf l0 t d~~~~t0 N0

3100 3~5) ~W 35~~
WAVEN IIMBSR lcm ’1t

The SWIR spectrum of a slow-flow run taken with a 80% N 2 ! 20% 02 mixture is
shown in Fi gure 10. The data , show n wit h 10 cm~~ resolution , is take n at the ti m e
of beam te rmination. Again , as for th e fil tered room air cases , NO is the dominant
radiator in the spectral region shown. The lack of s ignificant  CO2 radiat ion in this
spectral region is demonstrated in Fi gure 11 which provides a comparison between
the spectra recorded in filtered room air and an 80% N 2 /2 0% 02 mixture where no
CO2 should be present . It can be seen that there are no observable differences
between the two scans with the exception that the laboratory-air case appears to
have a somewhat greater spectral resolution. Interesting ly eno ugh even the featur es

19
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I

attributed to noise appear to line up~ the unexplained spectral features of the air
runs are also pr esent in the N 2 /02 experiments.

3100 3200 3300 3400 3500 3600 3700 3800
WAVENUMBEA (cnn 1)

Figure 10. SWIR Fluorescence From 80% N 2 /20%0 2
Mix tu res  at 100 Torr Pressure Under Slow-Flow
Condi t ions . Resolution is 10 cm 1. Maximum
in tens i ty  is 3. 6 ‘/  10 10W/cni 2-s t r -cm 1. Increase
in  NO radiat ion is in agreement  wit h MWIR observations —
NO f luorescence  was decreased in the presence of CO 2

3100 3~~ 33(11 3~~I 3500 300) 3700 3SE

WAV ENUM BE R Icm~~I

Fi gure  11 . Comparison of N 2 /O 2 and Roo m Air
Spect ra Taken Under Sim ilar Conditions . Reso-
l ution is 10 crn 1, Lower trace: room air
fluorescence (Figu re 9) . Upper trace: N 2/ O 2fl uorescence (Fi gure 10)

20



Mea suremen t s  taken under faster flow conditions and for much shorter residence

t i m e s  yield s i m i l a r  spectra. in these cases onl y runs using the  PbS detector were
possible ihue to decreased signal intensi ty ,  but the unident i f ied features remained.

If these fea tures  were  attributable to a build up of beam created species , such as
N~~), thei r relative intensi ty  should have been greatly diminished because of the
decrea seml  res idence t ime . In fact , N 20(v 3

) radiation at 4 .5 j im was no longer
observed for t h e s e  runs  (w i th  the PbS detector).  Radiation arising from NO ~ v =2
t r an s i t i o n s  is s t i l l  the  dominant  radiation source at 2 . 7 j im under these conditions ,

and t h e  NO vibra t ional  distribution appears to be very similar to that of the higher
pressure runs .

The experiments  performed using traco concentrations of oxygen mixed with
nitrogen provided slig htl y more signal in the MWIR reg ion . No evidence of N 20
fluorescence at 4 . 5 jim is observed in these spectra. The observed vibrational
dis tr ibut ion of NO is not greatly di f ferent  from that of the 80% N 2 /20% 02 mix ture
data of Fi gure 2 . In these runs the nitrogen pressure was varied from 25 - 115 Torr
and the  oxygen pressure, set to achieve max imum intensity,  was varied from
0. 2 - 0. 75 Torr. No var ia t ion in the observed NO excited vibrational distribution
was noted over this range of conditions . The measured NO fluorescence decay rate
was in good agreement  wi th  previous observations. A more systematic  study of
this  type mig ht permit  the measurement  of individual vibrational level decay rates
of NO by N 2 and 09.

When the PbS , SV~ IR -lens itive detector was used , the observed NO spectral

intensi ty increased by a factor  of 2 over the a i r  cases. The unidentified features
noted previously all increased by an even greater amount , a b o u t a f a c t o r of4 , and are
the most prominent spectral fea tures , as shown in Figure 12. The displayed spectrum
i3 from a 100-Torr N 2, 0. 03-Torr 02 slow-flow run , and corresponds to the time
of beam t e rmina t i on.  The NO vibrational  bands are greatly obscured by the sharp
spiked features that have widths  equal to the experimental  resolution . Since wire -
solved v ibra t ion- ro ta t iona l  bands would have spectral  widths much greater than this ,
the features were  suspected to be either due to atomic lines or individual rotational
l ines of a molecular  v ibra t iona l  band.

t nder  certain condit ions the un iden t i f i ed  spectral features were found to persist
long af ter  NO fluorescence had decayed . Fi gure 13 shows a spectrum taken in the
same exper iment  as Figure 12 , but at a t ime corresponding to 3. 4 msec after beam
termina t ion. Some res idual  NO radiation from the slowest decay ing observable
Se~ el (v=2 )  m igh t  be present between 3650 and 3770 cin~~~. Most striking, however ,
is the  appearance of the un iden t i f i ed  spectral features . Indeed some weaker features
attributed to noise in the other runs are observed to be reproducible with t ime under
these c o n d i t i o n s . Not e that  the relative intensi ty of the lines appears unchanged
from e a r ly  t i m e  observations, see comparison of Figures 12 and 13 . These long
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t i m e  observations provided a much clearer p ic ture  of the unident i f ied  radiator .  Spe-
c i f i c a l l y the  s trong feature at ~ 3560 cm 1 was noted to agree well  wi th  the fre-
quenc y of the Q branch of the  OH (v= l— ’O ) t ransi t ion.  The free radical Oh -I was con-
siclere ci a l i k e l y radiat ion source inasmuch  as water was int roduced into the system
with  the  room a i r  and could have a long residence t ime  on the chamber surfaces for
typ ical system pumping  rates .

0/ -~‘0 i /0 I~~/,  1 /00  I d / V  I/O

wevDtuMsnR Icm 1 I

Figure  12 . SWIR Fluorescence From a Trace
Oxygen  Hu n t~nder  S low-Flow Conditions.  The
N2 pressure is 100 Torr . 02 pressure is 0.03
Torr . Resolut ion  is 1~ ef l n i and m a x i m u m
intensi t y is 6 . 1 / 10-1 W / c m 2 -st r -cm l at beam
te rmina t ion . The NO radiat ion is no longer the
domi nant spect ra l  radia t io n

1
1

1

1
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‘1(11 (00 1’ BI’ i I00 ii ~0~ /0 /  /0/ / /

WA VE NUMBRR IctIe~~I

Figure 13. SWIR Fluorescence 3. 5 msec A f t e r
Beam Termina t ion  for Run  of Fi gure 12 . M9i-
mum intensi ty  is 1. 9 / lO lO W / cm 2 _ st r_ c m  .

The NO overtone radiation has v i r t u a l l y disappeared .
isolat ing the spectral lines of in teres t
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In order to verif y the  tentative assignment , a synthetic spectrum of the OH
molecule was generated. The OH free radical  has an inverted 2~ ground electronic
state with strong coup ling between spin and angular momentum giving rise to two
total angular momentum m anifolds of states c� 1/2 and 3/ 2 . Transitions between
simi lar  states within these mani fo lds  are not degenerate and should be easily ob-
servable. Coup ling of rotation to the total angular momenturTn is a complex function
of the rotational and vibrational energy and a vibrating rotor-anharmonic oscillator
model of the spectrum is not suff ic ient . I)etailed predictions of the OH spectral  line
positions and strengths have been performed by Mies 14 and shown to be in good
agreement with exper imental  spectra . Mies e calculated frequencies and Einstein
coeff ic ients  were  used to generate a synthe t ic  OH spectrum using a sinc slit function
and assuming a 300°K rotat ional  t empe ra tu r e . A comparison between this synthe-
sized spectrum and the long t ime spectrum of Figure 13 is presented in Figure 14 .

I I ~~I 

H 

I 

-

I - - Figure 14 . Comparison of Synthet ic
I~~~ H 

~I 

I 

H Spectrum of OH With Spectral Features

j ~~~ I 

- - N~ I ~~~~~~~~~~ (exee~~ 3270 crn 1
5 I U I by OH predictions

3(11) 32~ 35(11 3.100 35(11 3600 37111
WAV ENUMBER (cm 11

(N o t e  t ha t  the synthetic spectrum exhibits negative values of intensi ty.  This is a
resul t  of convolut ing the predicted OH spectrum over a sinc slit funct ion which
I i i s p l a y s  prominent  negative sidelohes . This effect  is an artifact of the Fourier

14 . Mies , F. H. (1974 )  Calculated vibrat ional  t rans i t ion  probabilities of OH(X 2 77 ) ,
-J. M ob -c. Spectrosc. 53:150.
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t r ans fo rm .)  It can be seen that the prominent spectral features match 01-I vibration/
rotation lines.  In addition , excellent agreement occurs between the spectral posi-
tions of nearl y all of the weaker features and OH lines arising from high J levels
and the weaker . ~l l /2  transitions. Note that in the synthetic spectrum , the relative
populat ions  of the two spin states and the rotational levels are assumed to be in the
t h e r m a l  equilibrium wit h the gas kinetic temperature.  The observed relative OH
vib ratio nal populations can be readily determined f rom the measured Q branch
in tens i t i e s  and it has found that the relative populations of OH v~ 2 and v~ 1 are
nearl y equal at beam terminat ion (n 2 / n 1=0 . 8) for all the runs in which they could
be observed ( including trace oxygen , and fast and slow-flow cylinder gas and room
air runs .)

Upo n hackchecking it was found that the 01-I spectrum was not observed in early
runs made using cylinder gases prior to that admission of room air into the chamber .
Thus it appears that once water vapor was admitted it strong ly adhered to the
chamber surfaces and ultimately gave rise to the OH fundamental  band radiation even
in ee dry e e air mixtures . Addit ionall y, not all the ambient water vapor is removed
by the trap in the filtered room air measurements.

Due to the slow t ime  response of the PbS detector , only estimates of the
quenching rates of OH by 02 and N 2 could be made. The total OH quenching rate

- 15 —14 3constant by an air mixture  of N 2 /O 2 has been measured as 1. 5 X 10 cm /sec ,
dominated by 02 quenching. Observations f ro m the present work support 02
quenching of OH as faster than N 2, but slower than 02 quenching of NO. Quenching
of OH by N 2 appears to be significant ly faster than quenching of NO by N 2, and is
estimated to have a rate constant of order 1. 5 X 10 15 cm 3/sec which is approximately
10% of the rate constant for quenching by 02. These observations arise from the
analysis of the low pressure trace oxygen runs , The slow decay of the OH radiation
in Figures 12 and 13 (Pr 100 Torr) can possibly be explained by vibrational pump ng
from N 2 (v�2) which would not make as large a contribution in the low pressure runs
(a more detailed investigation is obviously required) . Observations of the decay
0H(v~ 2) are l imited and estimates of the quenching rates are not possible. It should
be emphasized that the present study was not designed to study OH kinetics and the
above observations must be considered qualitativ e rather than quantitative. For
example the possible chemical destruction of OH, through reactions with beam
produced species, has not been considered.

15 . Murph y, R .E ,  ( 1971)  inf rared  emission of OH in the fundamental  and first
overtone hands , .1. Chem. Phys. 54:4852.
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been obse rved in th is  data . l i n v s - m c I  e l m ’ - ( I I )  t h e  o h s I ’ r - v n l t i o n  of ( ( l b  lb n e o r e s c o n i ’  c ’

and  decay w h i c h  m i g h t  he u t i l i z e d  to a s c c ’ r t n l i r l  l u n c i a r n l l - n l t a !  ( I n r e n c l u n g  - a t e -  C O n i S t I l n i t s

f o r  ‘; i  I r I t i r I n l I e l b y  e - x l - i t l - r I  O i l , (h)  N d f l l l or e s c e e l l - l -  h i t : i  S u f f i - i l ’ n l t l y  r e - I - o I V e I i  I n

a l l o w  i c - t e n - n  i n a t i o n  of vibrational l eve l  l l ’ p e r l l e r i t  h I I n I - n l r 1 n u r l ~~ ) ‘ a t l -  ( ‘ O n S t i I l l t ’ -i 111 1

rd it  l v i -  funelannental to f i r s t  o v e r t o n e -  i s  nd I - i r c s t e  i n  i - c a - f f i c  i e n l t  a , 1 111  ( 0 )  t i r e

p o s s i b i l i t y  of Us ing  t r a r - e -  ( i n l a n t i t i e s  of I ( 3 , to n b e t e r n c i n e  r e ’ I : i t i ’ : - -  p o p u l a t i o n s  of N , O
and  -, - n I r a t i o n a l !y  l ’ X I - i t e r i  N

2 .
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